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Renewable energy, like photovoltaic (PV) energy, has recently become popular as power consump-
tion and environmental problems have become bigger social issues. However, the mismatch among
the series-connected PV panels decreases the DC voltage and output power at the maximum power
point(MPP). To solve this problem, full power processing (FPP) converters are used for finding the MPP
of each PV. This FPP converter processes the full amount of rated power, which has a high-power rating
and induces power losses. Instead, the differential power processing (DPP) converter processes a small
amount of rated power, which can achieve MPP operation with smaller converter power ratings and
lower cost.
However, DPP converters in large-scale systems have challenges of complicated wire connections
and high voltage ratings. To overcome these scalability problems, the segmented DPP structure is intro-
duced, and the control algorithm and converter development are discussed. Both voltage balancing and
maximum power point tracking (MPPT) algorithm are used to effectively control the system operation.
With this algorithm, the segmented DPP system was evaluated through the Matlab/Simulink simulation.
Also, the segmented DPP converter, which consists of bidirectional DC-DC converters, was designed
for a prototype module. The segmented DPP system successfully controls the current of each PV panel
to reach its MPP in various experimental conditions. The results show a 14.1% system efficiency in-
crement compared to the series-connected system under 28.6% mismatch, which has 99.8% tracking
efficiency and 95.73% module efficiency. Under 42.9% mismatch, the system efficiency is increased by
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I Introduction
Solar energy is the most permanent and abundant renewable energy on the earth. However, 80%
of the present energy in worldwide is from non-renewable energy like fossil fuels and nuclear energy.
These kinds of energy are decreasing gradually and causing the envirnmental problems like pollution.
To address this problem, renewable energy, which has significantly lower envirnmental impact, becomes
popular not only at the technical level but also at the political level. For example, the Europe Union
has a policy to replace 20% of energy consumption with 2020 [1, 2]. Figure 1.1 shows an estimate of
the energy demand and resource, breakdown in the future to the years 2050 and 2100 [3]. As shown
in this analysis, non-renewable energy will be less that 15% of the total energy, while solar energy will
generate 70% of the total power. Among the ways to capture solar energy, photovoltaic cells can be
used to directly convert solar energy to electrical energy, which is a more effective way to collect solar
energy than indirect conversion like solar heat. Figure 1.2 shows the potential of photovoltaic power in
the world and Korea [4].
In implementation, PV cells are usually connected in series to compose one PV panel, due to the
limited DC voltage of one cell. To connect PV panels to the grid system, PV panels are connected in
series, then an inverter transfers the PV power to the grid power.




Figure 1.2: Photovoltaic power potential in (a) the world and (b) Korea [4]
2
1.1 Conventional PV Systems
Traditionally, PV panels are connected in series, which are then connected to a central converter.
This converter controls the PV panels to operate at its maximum power point (MPP) and transfers power
from the PV panels to the load. However, this series-connected system cannot generate the maximum
power when there is the mismatch among the PV panels [5]. This mismatch can occur because of partial
shading, temperature change, degradation or installation at different angles [6,7]. For example, as shown
in Figure 1.3a, when there is no mismatch among the PV panels, the current at maximum power point
of each panel is the same. However, when mismatch occurs, like in Figure 1.3b, the current at the MPP
becomes different from each other. In the series-connected system, the PV currents should flow at the
same value through the panels, so that MPP operation for all PVs cannot be achieved in the mismatched
panel condition. Furthermore, as shown in Figure 1.3c, if the mismatch among the panel becomes more
severe, the PV could be dissipating power. Therefore, in a conventional series-connected system, the
bypass diode is connected with PV panels in parallel, which can prevent operating the panels in reverse
bias.
(a) No mismatch among the PV panels
(b) Mismatch among the PV panels
(c) Severe mismatch among the PV panels
Figure 1.3: I-V curve for the series-connected system
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To overcome these problems in series-connected systems, dc optimizers or micro inverter, which is
known as the full power processing (FPP) systems, are widely used as shown in Figure 1.4 [8–10]. These
FPP converters are usually connected to each PV panel and control the PV power individually [11, 12].
Due to the individual control, the PV panels can produce each near-maximum power. However, the
converters process the full amount of PV power, so which causes additional power losses. The FPP
system efficiency from PV to output is the same as the efficiency of the FPP converters.
(a) DC optimizer PV system (b) Micro inverter PV system
Figure 1.4: Full power processing system
1.2 Differential Power Processing Systems
Recently, differential power processing (DPP) systems have been studied to achieve high efficiency
under partial shading and mismatched conditions. These DPP converters are also connected with each
PV panel like FPP converters, but the architecture is fundamentally different. Only when the PV panels
are mismatched, then the DPP converter transfers a small amount of power to maintain MPP [13–15].
In other words, DPP converter processes a smaller amount of power compared with the FPP system.
Figure 1.5 shows the main current flow of the FPP and DPP system. As shown, in the FPP system, the
main power flows through the FPP converters, which process the full amount PV power. Conversely,
in the DPP system, the main power flows through the PV panels and DPP converter processes a small
amount of power. For this reason, the power rating of the DPP converter is lower than the FPP converter,
such that the converter loss and cost are lower.
An example of a DPP converter structure, referred to as PV-to-Bus DPP, is shown in Figure 1.6
[16–18]. In PV-to-bus DPP system, the output of the DPP converters are connected to the PV string
voltage [14, 19]. This means that the large number of PV panels makes higher voltage rating of each
DPP converter. For example, when there are m PVs for a system, the DPP converters should be designed
to step up m times to the PV voltage. For smaller numbers of modules, this problem is tractable but
scaling up the number of PV panels is more difficult. Also, the physical wire connections of a PV-
4
(a) FPP system (b) DPP system
Figure 1.5: Main current flow of the FPP and DPP system
to-Bus DPP system are complicated and require many connections. Further, in order to scale up the
number of PV panels, the DPP converter design and wiring should be changed, which is cost and labor
intensive. Therefore, although DPP systems have the advantage of lower system losses, they are difficult
to design for large-scale PV systems because they require very high output voltage rating and complex
wire connections [20]. For these reasons, full-scale DPP systems have not been commercially viable.
Figure 1.6: Differential power processing system (PV-to-bus)
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1.3 Goals and Organization
This thesis introduces the structure and algorithm of the segmented DPP system solving the difficul-
ties of the existing DPP system, which is hard to install for large scale PV systems. Also, simulation and
experimental testing was conducted to verify this system.
In Section II, the structure of the segmented DPP system and the advantages compared to the ex-
isting DPP system are described. Section III explains the algorithm of the segmented DPP system, and
suggests an effective control algorithm, which is considered with sensor requirements. In Section IV, a
bidirectional flyback converter design for the DPP converter and the system prototype module are de-
scribed. The experimental results with this prototype and algorithm was presented in Section V. The
system was verified under the indoor and outdoor conditions, and the updated prototype and algorithm
is described in Section VI. With this updated prototype, the performance of the segmented DPP system
was tested, which can find the MPP in various experimental conditions. The last section concludes the
thesis and suggest the potential future work for this system.
6
II Segmented DPP Systems
If the DPP converter is applied to a system that is frequently exposed to shade on the PV panel, such
as building integrated photovoltaic (BIPV), it can generate maximum power at higher efficiency than a
typical series connection or FPP system. In addition, the DPP system can be effectively used when the
characteristics of the PV panel are different from the installation stage, for example, putting the colored
panel on the PV panel, as shown in Figure 2.1 [21]. However, as mentioned in Section I, large-scale DPP
systems like BIPVs have problems on the practical installations due to the complexity of wiring and the
high step-up ratio of the converter. To solve these problems of converter design and system installation,
a segmented DPP system is proposed. Also, the structure and advantages of the segmented DPP system
will be described in this section.
Figure 2.1: Building integrated photovoltaic (BIPV) with color [21]
2.1 Structure of Segmented DPP System
In segmented DPP systems, each segmented DPP module consists of n DPP converters connected
to n PV panels and one unit converter. Figure 2.2a shows an example of PV system applied unit DPP
system when n = 4. The input of each DPP converter is connected to one PV panel and the output
of each DPP converter is connected in parallel to the input of the unit converter. The output of the unit
converter is connected over the n PV panels strung in series. The DPP converter is a bidirectional flyback
converter and the unit converter is a boost that can also operate bidirectionally. Figure 2.2b shows
another structure of the segmented DPP module, which consists of n DPP converters with n PV panels.
The difference with the previous system is the absence of the unit converter. Due to this difference, the
converter loss and cost decrease, and the control complexity of the algorithm can be reduced. However,




Figure 2.2: Segmented DPP system (a) with unit converter and (b) without unit converter
In the structure of the segmented DPP system, because the output of the DPP converter is not directly
connected to the string inverter, the number of segmented DPP modules is flexible. In other words, the
same segmented DPP module design can be applied to shorter or longer strings of PV panels. One
design goal of this approach is to use standard PV panel wire cables to connect to the segmented DPP
module, which generally limits the number of PV connections to n < 9. There is a basic trade-off
between the number of panel connected in one segmented DPP module and system performance. Lower
n decreases the segmented DPP converter’s voltage boost ratio and reduces the number of connections
to each module, but it also reduces the output performance. The output performance is related to the
number of panels that can exchange power; more converters means that the PV panels can more easily
find balance among the various panels, while fewer panels means that the converters are more likely to
reach their operating limit.
2.2 Advantages of Segmented DPP System
With this segmented DPP structure, there are advantages compared with the existing DPP system.
First, this segmented DPP system structure can reduce the voltage rating of DPP converters. Figure 2.3a
shows the existing DPP system and the segmented DPP system, which has total m PV panels in system
and n PV panels in one module. As shown in the figure, the existing DPP converter should boost up
the voltage m times. However, with the segmented DPP converter, the voltage boosting ratio is up to
only n times, as shown in Figure 2.3c. Furthermore, in the structure of Figure 2.3b, which includes the
unit converter, the secondary-side voltage rating of the DPP converter is only the unit bus voltage. For
example, let m be 12, n be 4, and the open-circuit PV voltage be 10 V and the unit bus voltage be 25



























































































segmented DPP converter is 40 V (Voc ×n). Also, with the unit converter, the voltage rating of the DPP
converter becomes 20 V, which is a value set by the designer. Therefore, this structure enables the DPP
converters to be designed with lower voltage stresses and lower cost.
Also, with the existing DPP system, then the converter and controller must be redesigned to modify
the number of the PVs. However, with the proposed segmented DPP system structures, it is much easier
to add or modify the number of PV panels and does not require redesigning the DPP converters. The wire
connection diagram of the proposed segmented DPP system is shown in Figure 2.4, using standard wire
lengths and straight-forward installation. As a result, PV power generation systems with the segmented
DPP modules have a higher system power efficiency than traditional full power processing systems and
can overcome the drawbacks of existing DPP systems.
(a)
(b)
Figure 2.4: The wire connection of (a) existing DPP system and (b) segmented DPP system
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III System Control Evaluation with Simulation
3.1 System Algorithm
The goal of the segmented DPP algorithm is for each DPP converter to operate the PVs at their real
MPP, while reducing the implementation costs. There are two modes in the segmented DPP system
control algorithm: voltage balancing and MPPT algorithm. The bidirectional dc-dc converter which
is used as the DPP converter can conduct this algorithm by controlling the primary-side current of the
converter. If the reference current is set as a value, the PI controller regulates the primary-side current to
the reference current. When the reference current is positive, then the power of the converter flows in the
forward direction, and when the reference current is negative, the power flows in the reverse direction.
Also, when the reference current is zero, the converter turns off.
3.1.1 Voltage Balancing
The voltage balancing algorithm controls PV voltages within a certain range and Figure 3.1 shows
the flowchart of voltage balancing. When the current of the PV increases, the voltage of the PV de-
creases. By this characteristic of the PV panel, we can implement the voltage balancing algorithm. If
the measured voltages of the panels are not in a certain range, the index of the PV with the highest
voltage is identified, and the reference current of that index is increased by a set amount (∆I). The index
of the PV with the lowest voltage is also identified and the reference current is increased by the same
amount to increase the voltage of that PV. Even in most shaded PV cases, the PV voltage at maximum
power point is similar to the PV voltage when it is not shaded. For this reason, some systems use only
a voltage balancing algorithm to ensure the PV panels are in near maximum power [22, 23]. However,
these points are not the real MPP in each PV panel. Therefore, to reach the real MPP, the segmented
DPP system additionally uses a MPPT algorithm.
Figure 3.1: Voltage balancing algorithm for the segmented DPP module
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3.1.2 Maximum Power Point Tracking
After the voltage balancing algorithm gathers the PV voltages within a certain range, each PV panel
operates near MPP. Then, the MPPT algorithm is used to find the individual real MPP. The MPPT
control algorithm is similar to the perturb and observe (P&O) algorithm [24, 25]. Figure 3.2 shows the
flowchart of the MPPT for the segmented DPP system. First, it measures the voltage and current of the
PV panel to measure the power of each PV. Then, it changes the primary-side reference current of the
DPP converter and compares the total power with the previous total power. If this change makes the total
power increase, then the system maintains the new reference current, and if this change makes the total
power decrease, then the reference current goes back to the previous value and changes the direction of
increment. The operation of the segmented DPP converters are highly coupled with each other, so it is
difficult to change all the reference currents at once. Therefore, the reference current of each converter
changes in a sequence. For example, when a module consists of four DPP converters, the first converter
will execute the algorithm and then the second converter will execute the algorithm. Also, when the
fourth converter finishes the algorithm, then the sequence returns to the first converter.
Figure 3.2: MPPT algorithm for the segmented DPP module
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The number of required sensors for the control algorithm is also an important design aspect. As
shown in Figure 3.3a, when the MPPT algorithm compares the present and previous total PV power,
both voltage and current sensors are needed for each PV panel. Also, a current sensor is needed to
control the DPP converter. This means that 3n sensors are needed for one module when n is the number
of PVs in one module. As the number of sensors used in the system increases, the calculation time of
the controller becomes longer and the power loss through the sensors becomes larger.
(a) 3n sensors (b) 2n+1 sensors
(c) 2n sensors
Figure 3.3: Sensor connection with (a,b) total power comparison, and (c) total voltage comparison
Instead of measuring the PV current directly, the primary-side current of converter IDPP,k and the
substring current Iss can be used to decrease the number of sensors in one module as shown in Fig-
ure 3.3b. The current of the PV panel can be calculated with the sum of the primary-side current and
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substring current (IPV,k=IDPP,k+Iss). This method requires 2n+ 1 sensors, which consists of PV voltage
sensors, a current sensor for each DPP converter and a substring current sensor. However, with this
method, there is a ripple in the sensed PV current, which is caused by the primary-side current ripple
of the DPP converter. It causes the large power ripple in the sensed value, so it cannot measure the PV
power correctly. To reduce this power ripple, an averaging function can be used, but it takes calculation
time and makes the control mode complex. Another way to control this MPPT algorithm is using the
relationships between voltage and power. The string current can be assumed as a constant according to
the MPPT speed by the inverter control. Therefore, when the sum of n PV voltages becomes maximum,
the sum of the PV power also goes to the maximum point. As a second method to reduce the number of
the sensors, the voltage-comparing MPPT algorithm can be used, as shown in Figure 3.4. This method
requires 2n sensors, which are PV voltage sensors and a current sensor for each DPP converter. This
algorithm has the minimum number of sensors, which can reduce the power losses and costs of the
converter.
Figure 3.4: MPPT algorithm that minimize the number of sensor
14
3.2 Simulation Setup and Results
3.2.1 System and Algorithm Setup
To verify the algorithm and structure of the segmented DPP system, Matlab/Simulink was used.
Figure 3.5 shows the simulation circuit of the segmented DPP system, which consists of four DPP con-
verters and one unit converter. The bidirectional flyback converter was used for the DPP converter and
the primary-side current (IDPP) is controlled by a PI controller bidirectionally, as shown in Figure 3.6.
Also, the primary-side voltage (Vpv) is measured and used as the input parameter of the segmented DPP
system algorithm. After setting the algorithm as a reference current Ire f , the PI controller controls the
converter to regulate IDPP to Ire f . In addition, the bidirectional boost (buck) converter was constructed as
a unit converter as shown in Figure 3.7. The low voltage side is controlled by a PI controller to maintain
the bus voltage at a constant value (Vre f ). When controlling the low-side voltage, a hysteresis block was
used to prevent the frequent changing between buck and boost modes, which would make the converter
operation unstable. The high-voltage side of the unit converter is connected to the overall voltage of the
four PVs.
Figure 3.5: Simulation circuit of the segmented DPP system
For this simulation algorithm, a control block was implemented, which includes the voltage balanc-
ing and MPPT algorithm. As described in Section 3.1, when the PV voltages are out of a set boundary,
the PVs do not operate near maximum power. At that time, the voltage balancing algorithm gathers the
PV voltages within a certain range to recover quickly. In the case of MPPT algorithm, the sum of the PV
voltages is compared with the previous sum value, and the converter sequentially tracks the maximum
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Figure 3.6: Simulation circuit of the bidirectional flyback converter
Figure 3.7: Simulation circuit of the bidirectional boost converter
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power point of each PV. As shown in Figure 3.8, after the changing the reference current value, if the
sum of the total voltage increases, the reference current will maintain the changed current value. In
contrast, if the sum of the total voltage decreases, the reference current value goes back to the previous
value. In this way, the four converters follow the algorithm in order.
Figure 3.8: Operating MPPT algorithm showing reference current and total voltage
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3.2.2 Simulation Results with One Module
The PV panel used in simulation has 106 W maximum power at 1000 W/m2. The simulation was
conducted for four PV panels, all at different irradiance values. The conditions of the four PVs are
shown in Figure 3.9, which shows the open circuit voltage (Voc), short circuit current (Isc) and maximum
power of each PV panel.
Figure 3.9: P-V and I-V curve of each PV panel used in the simulation
The segmented DPP system model was simulated with the inverter MPPT control block, which
controls the string current using the P&O algorithm [26]. Figure 3.10 shows the system simulation
results. Under this condition, PV1 and PV2 are in relatively strong sunlight and PV3 and PV4 are
in weak sunlight. In this situation, as shown in Figure 3.10a, the reference current of the converters
connected to PV1 and PV2 flow in the forward direction. Conversely, the reference currents connected
to PV3 and PV4 flow in the reverse direction. Total output power is shown in Figure 3.10d, as the ideal
maximum of the total PV power is 321 W, the DPP system properly followed the maximum power point.
Figure 3.10: Simulation results of the segmented DPP system with unit converter
As mentioned in Section II, the segmented DPP system can consist of only flyback converters with-
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out the unit converter. Figure 3.11 shows the simulation setup of the segmented DPP system without a
unit converter. Due to the absence of this unit converter, the secondary side of the flyback converter is
connected to the output of the four PV panels in this structure. The voltage balancing and MPPT algo-
rithm are used as control blocks in simulation. As shown in Figure 3.12, this segmented DPP system
also can control the panels at MPP, where the system output power maintains the total power as 320 W.
Figure 3.11: Simulation circuit of the segmented DPP system without unit converter
Figure 3.12: Simulation results of the segmented DPP system without unit converter
Then, the simulation was conducted with a current sweep to compare the output power curve of the
19
segmented DPP system with the series-connected system. The results are depicted in Figure 3.13, where
the series-connected system has multiple peaks, which complicates the MPPT control in the inverter
stage. Also, the maximum power is lower than the segmented DPP system.
Figure 3.13: (a) P-V and (b) P-I curve comparing series and the DPP system in simulation
3.2.3 Simulation Results with Two Modules
Figure 3.14: Simulation circuit of the segmented DPP system with two modules
The segmented DPP system is specially designed for the large-scale systems, which require multiple
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segmented DPP modules. To confirm proper operation with multiple modules, the operation of two seg-
mented DPP modules were simulated with eight PVs, as shown in Figure 3.14. The shading conditions
of the PV panels are shown in Figure 3.15. The maximum power of PVs connected to module 1 is 95.7
W, 95.7 W, 54.1 W and 43.3 W, respectively, and the maximum power of PVs connected to module 2
is 95.7 W, 95.7 W, 64.76 W and 43.3 W, respectively. Figure 3.16a shows the current sweep results
of the series connection and the segmented DPP system. As shown in the graph, the series-connected
system has four peaks, which means the PVs cannot operate at their MPPs. With the segmented DPP
modules, the PVs of module 1 produce 298.67 W and those of module 2 produce 287.21 W, which is
shown in Figure 3.16b. Effectively, the PVs connected to one segmented DPP module act as a large
panel. Therefore, when there are more than two segmented DPP modules, it looks like a large PV is
connected in series to another large PV. They cannot compensate all eight PVs, but they can compensate
small power differences between module 1 and module 2 with the module-level MPPT algorithm.
Figure 3.15: Simulated shading conditions for the PV panels
(a) P-V curve for the system output (b) P-V curve for the each moudule output
Figure 3.16: P-V curve for the two-module system simulation results
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The segmented DPP system with two modules also simulated with an inverter P&O block. As shown
in Figure 3.17, the output power of the segmented DPP system maintains MPP as 582 W. This shows
the segmented DPP modules are able to interact with the inverter MPPT algorithm and optimize power
produced bu the PVs of each module.
Figure 3.17: Simulation results of the segmented DPP system with two modules
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IV Prototype of the Segmented DPP System
In Section III, the algorithm and structure of the segmented DPP converter were verified through
simulation. To test this system with real PV panels, the segmented DPP prototype converter was devel-
oped. As mentioned in Section II, there are two types of segmented DPP converters. Between the two
systems, the system without unit converter was fabricated and tested. In this section, the design of the
bidirectional flyback converter will be described.
4.1 DPP Converter
In the segmented DPP structure, the DPP converter controls each PV panel at its MPP and operates
bidirectionally to transfer power from the PV panel to the string or vice versa. Also, the DPP converters
need isolation between input and output because the DPP converter inputs are connected in series while
the DPP converter outputs are connected in parallel, such that primary and secondary ground should be
isolated. To satisfy these conditions, bidirectional flyback converters were selected for the topology of
the DPP converters, which have been shown in [27, 28].
4.1.1 Bidirectional Flyback Converter Topology
In the bidirectional flyback converter, the diode of the unidirectional flyback converter is replaced by
a MOSFET switch for bidirectional operation. The internal body diode of this MOSFET acts as a diode
while transferring the power bidirectionally. The flyback converter has two operation modes, one is
continuous conduction mode (CCM) and the other one is discontinuous conduction mode (DCM). In the
case of CCM, the input side switch turns on when the output side current flows through the body diode.
In this mode, the body diode needs more time to complete reverse recovery due to the characteristics
of the MOSFET body diode. This causes a large peak and ripple current through the input-side switch,
which causes reverse recovery loss, as shown in Figure 4.1a. However, in DCM, the input side switch
is turned on when the output side current has already reached zero, which means there is no reverse
recovery loss [29, 30]. Also, there is no right half plane zero in the DCM operation, which can make
the compensation feedback loop easier in control. Therefore, the bidirectional flyback converter for the
DPP converter was designed for the DCM.
(a) Switch current in CCM (b) Switch current in DCM
Figure 4.1: Input side switch current of the bidirectional flyback converter [30]
23
Figure 4.2: Circuit of the bidirectional flyback converter



















where Vin is input voltage, Vout is the output voltage, D is duty and R is load resistance of the flyback
converter. T is the switching period and Lm is the coupled inductor magnetizing inductance [31]. The
flyback converter for the DPP converter operates in two directions. First, in the forward direction, the
input voltage and current becomes Vpri and Ipri and the output voltage and current is Vsec and Isec, so


















where Lmp is the primary-side and Lms is secondary-side magnetizing inductance of the coupled inductor.
In the same way, the reverse direction operation has the input voltage and current as Vsec and Isec and the
output voltage and current as Vpri and Ipri. Also, by using the notation of Figure 4.2, the output current














Equations (3) and (5) show that both duty D1 and D2 can be presented with Ipri and they are propor-
tional to the square root of Ipri, which is the parameter of the reference control value in the algorithm.
Therefore, the primary-side current Ipri of the flyback converter is controlled by changing the duty of
the flyback converter. Also, according to the sign of Ipri, the power flow of the converter can be distin-
guished. When the Ipri is positive, power flows in the forward direction and when the Ipri is negative,
power flows in the reverse direction through the flyback converter.
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4.1.2 Bidirectional Flyback Converter Design
The open-circuit voltage, Voc and the number of the PV in one segmented DPP module, n, determines
the voltage rating of the flyback converters. The primary side should be rated at Voc and the secondary
side should be rated at n times Voc. Also, the nominal input voltage of the DPP converter is the voltage
at MPP, Vmpp, because the converter will usually operate at Vmpp. For this work, Voc = 16 V, Vmpp = 12.8
V and n = 4. The converter current rating is directly related to the amount of expected current mismatch
of the PV panels. Work in [32] identified power ratings of 15-17% to compensate PV cell degradation
in PV-to-bus converter systems. For this work, the current limit was chosen at 2.0 A for PV panels with
MPP current of 8.3 A, which is equivalent to 24% rating.
For designing the entire flyback converter system, considering the ground of the primary and sec-
ondary side is important, which must be isolated. To operate the two MOSFET switches, the gate drivers
for each MOSFET are needed. Both the primary and secondary-side gate drivers need 12 V voltage sup-
ply through an LDO. If this voltage supply is from the primary-side, the voltage input to the LDO can be
unstable, because the PV voltage can be lower than 12 V depending on the conditions of the PVs. For
this reason, it is necessary to supply the LDO from the secondary-side voltage, which is the sum of n PV
voltage and can supply a more reliable voltage. However, for the primary-side gate driver, the ground
should be separated from the secondary ground. Therefore, a small isolated DC-DC converter was used
for the primary-side gate driver and the LDO was used for the secondary-side gate driver. Figure 4.3
shows the diagram of the bidirectional flyback converter. As shown, each flyback converter needs one
DC-DC converter and two LDOs for supplying power to the gate driver and sensors.
Figure 4.3: Diagram of the bidirectional flyback converter
The PCB layout design of the bidirectional flyback converter is shown in Figure 4.4. The red routing
represents the top side and blue routing represents the bottom side of the PCB. The fabricated bidirec-
tional converter is shown in Figure 4.5, which size 130 mm by 63 mm in area. The design parameters
of this converter are shown in Table 4.1. The magnetizing inductance is 6.5 µH and the turns ratio of the
coupled inductor is 4, which is designed for DCM operation. Figure 4.6 shows the measured efficiency
of the designed flyback converter, which has 89.04% in the forward direction and 86.15% efficiency in
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the reverse direction at 25 W of power, which is full load. This is the power stage efficiency, which does
not include LDO and sensor losses. With the LDO and sensor losses, the flyback converter has 87.75%
efficiency in the forward direction and 83.81% efficiency in the reverse direction at the full load.
Figure 4.4: PCB layout of the bidirectional flyback converter
Figure 4.5: Fabricated bidirectional flyback converter
Primary Secondary
Power
Voltage (V) 12.8 51.2
Current (A) 2.0 0.5
Switching frequency (kHz) 100
Coupled inductor
Turn number 6 24
Magnetizing inductance (µH) 6.5 101.2
Leakage inductance (µH) 0.213 3.031
Snubber
Capacitance (nF) 300 10
Resistance (Ω) 470 2500
Table 4.1: Design parameters of the bidirectional flyback converter
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Figure 4.6: Efficiency of the bidirectional flyback converter
4.2 System Implementation
The segmented DPP module is composed of four DPP converters, which are the designed bidirec-
tional flyback converters mentioned in the previous section. The converters are connected to the terminal
blocks with wires and four converters are controlled by a TMS320F28335 DSP. Figure 4.7 shows the
flyback converters and controller, which were used in one segmented DPP module.
Figure 4.7: Implemented segmented DPP module
27
V System Performance Evaluation
To verify this segmented DPP system, the developed prototype module was tested in experiment.
The prototype was composed of four bidirectional flyback converters, and the control algorithm was
implemented with the TMS320F28335 DSP controller. The PV panels consists of 25 Silicon PV cells
and they are connected in series. The PV panels have maximum power at 8.3 A and 12.8 V, which
generate 105 W under 1000 W/m2 and 25◦C. To measure the experimental results, a power analyzer and
electric load were used. The power analyzer measures the power of the PV panels and the electric load
is used for measuring the load power. These two types of equipment are connected to a computer with
GPIB and USB communication interface to send data to a computer. Figure 5.1 shows the diagram of
the experimental setup and equipment. The indoor and outdoor experiments were conducted with this
equipment setup, and the series-connected system and the segmented DPP system are compared under
various light conditions.
Figure 5.1: Experimental setup with equipment
Because the irradiance conditions and temperature of the PV panels are keep changing, the PV
power are not perfectly the same for all experimental conditions. In this reason, comparing output
power directly is not a fair comparison. Therefore, the following standards are used to compare the









where PPV,k is the power produced by PV k actually and PMPP,k is the true maximum power of PV k. In
other words, the sum of PPV,k is the generated PV power from k PV panels and the sum of PMPP,k means







where Pout is the output power at load MPP, and this module efficiency includes the converter loss.






= ηMPPT ×ηmod (8)
which is mainly used standard to evaluate the overall performance of the segmented DPP system.
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5.1 Indoor Experiment
With the segmented DPP prototype, the experiment was conducted with with halogen lamps on each
PV panels, as shown in Figure 5.2. First, the current sweep was conducted with series-connected system,
and then the current sweep with the segmented DPP system was conducted under the same condition.
To compare the system efficiency of the series-connected system and the segmented DPP system, the
experiment was conducted under relatively even light and mismatched uneven light.
Figure 5.2: Indoor experiment setup with PVs and halogen lamps
5.1.1 Even Lighting Conditions
To test the system under even lighting conditions, the same number of the halogen were used. In
Figure 5.3, the left graphs show the individual PV graphs that were acquired during the sweep, from
which the true MPP of each PV is calculated. The right graphs show the input PV power, which is
the sum of the PV power, and output power for the segmented DPP module. From this data, the MPP
tracking, module, and system efficiency can be determined for the given lighting condition. Results for
the series-connected case are shown in Figure 5.3a, where the ideal maximum power is 58.93 W, but
MPP tracking efficiency is 90%, which results in a maximum input power of 53.05 W and output power
of 52.05 W. The resulting system efficiency is 89.05%.
Results for the segmented DPP prototype are shown in Figure 5.3b, where MPP tracking efficiency
increases to 95.35%, but with the additional converter losses the module efficiency decreased to 89.00%
such that system efficiency is 84.86%. The system efficiency decrease is attributed to low PV input
power. The narrow spectrum of the halogen lamps leads to the PV panels only producing about 18%
of their rated power in the indoor experiment. Thus, converter losses in segmented DPP module have a
bigger impact on the efficiency than at the nominal power level.
5.1.2 Uneven Lighting Conditions
Next, the prototype was tested under uneven lighting, where four halogen lamps were used on PV3,
three on PV1 and PV2, and two on PV4. Experimental results are shown in Figure 5.4, where the
left graphs show the power of each PV panel. Results for the series-connected string are shown in
Figure 5.4a, where the string power curve shape changes and local MPP are visible. The MPP voltage of
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Individual PV Panels Maximum Power Point System Performance







Series 13.91 W 14.36 W 17.06 W 13.59 W 58.93 W 53.05 W 52.49 W 48.6 V 1.08 A 98.93% 90.01% 89.05%
Segmented DPP 13.29 W 12.91 W 17.99 W 12.79 W 56.98 W 54.33 W 48.35 W 44.77 V 1.08 A 89.00% 95.35% 84.86%
Indoor uneven condition
Series 12.36 W 12.83 W 18.91 W 5.77 W 49.87 W 36.85 W 35.73 W 37.61 V 0.95 A 97.00% 73.88% 71.64%
Segmented DPP 12.34 W 13.28 W 19.24 W 6.44 W 51.30 W 49.02 W 42.53 W 46.74 V 0.91 A 86.77% 95.55% 82.91%
Table 5.1: Test results under indoor lighting conditions
(a) Series-connected system (b) Segmented DPP system
Figure 5.3: P-V curve in even indoor lighting conditions
(a) Series-connected system (b) Segmented DPP system
Figure 5.4: P-V curve in uneven indoor lighting conditions
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the string is 37.61 V, which means that only 3 PVs are active and the weakest panel (PV4) is bypassed.
The resulting MPP tracking efficiency is 73.88%, module efficiency is 97.00% and system efficiency is
71.64%.
Figure 5.4b shows results using the segmented DPP converter is the uneven lighting conditions. The
string power curve is smooth and convex such that there is only one clear MPP, which ensures that
the inverter-level MPPT does not get caught operating at a non-global local MPP. Also, the voltage at
MPP with the segmented DPP system is 49.74 V, which indicates that all four PV panels are generating
power near their MPP. With the segmented DPP module, the MPP tracking efficiency is 95.55%, module
efficiency is 86.77% and system efficiency is 82.91%. As shown in the results, under the uneven lighting
condition, the system efficiency is increased by 11% compared to the series case. The results of the
indoor lighting conditions are summarized in Table 5.1.
5.1.3 Discussion
This indoor testing with the halogen lamps has an advantage in its ability to control the number of
the lights. However, as shown in Figure 5.3a, even in the even lighting case, the MPP of each PV panel
is different. This is because small mismatch due to slight angle differences and light intensity reduction
as each bulb ages. Also, the lamps cannot generate and spread the light in the same way as natural
sunlight. Due to this limitation, they can generate only 13% of the PV’s rated power. For these reasons,
it is difficult to extensively test the prototype in various conditions with the indoor halogen lamp setup.
5.2 Outdoor Experiment
Due to the power limitation of the indoor testing, the system was experimented under natural sun-
light. The testing setup is shown in Figure 5.5. Tests were conducted on a relatively clear day when
the direct irradiance was approximately 1300 W/m2 under even conditions and then partially shaded to
create uneven shading as shown in Figure 5.6.
(a) Four PV panels and irradiance meter (b) Equipment setup for the outdoor testing
Figure 5.5: Outdoor experimental setup with PVs and equipment
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5.2.1 Even Lighting Conditions
First, the PV panels were unshaded and the results are shown in Figure 5.7. Results for the series-
connected case are shown in Figure 5.7a, where the ideal maximum power is 266.9 W with near exact
MPP tracking, which results in output power of 258.9 W. The resulting system efficiency is 96.97%.
Results for the segmented DPP prototype are shown in Fig. 5.7b, where MPP tracking efficiency is
99.66% and module efficiency is 95.05%, such that system efficiency reaches 94.74%. Due to the higher
PV power, the converter losses are less significant, resulting in improved system efficiency compared to
the indoor case.
5.2.2 Unven Lighting Conditions
Then, in one panel a column of five PV cells was shaded by 50% using the paper sheet, as shown
in Figure 5.6 and the test was run again under approximately 1300 W/m2 irradiance. Results for the
series-connected string are shown in Figure 5.8a, where the string power curve again shows local MPP.
The resulting MPP tracking efficiency decreases to 84.71%, module efficiency is 97.53% and resulting
system efficiency is 82.61%. Then, with the segmented DPP module, tracking efficiency increases to
96.72% and module efficiency is 94.72%, which results in a system efficiency of 91.38%. Compared to
the series case, the segmented DPP system increased system efficiency by 8.77%.
(a) Shaded panel (b) PV panel setup with shaded PV panel
Figure 5.6: Shading condition in outdoor testing
5.2.3 Discussion
These results show that employing the segmented DPP module increases the system efficiency by
over 8-10% in uneven lighting conditions. It also removes local MPPs from the power curve to enable
better interaction with the inverter MPPT algorithm and consistently track the true MPP. In the out-
door tests, the segmented DPP module efficiency reached 95%, and there is still room for improvement
through design optimization to reduce losses. Under this outdoor experiment, the PV panel receives
natural sunlight that can generate power at realistic levels. However, the conditions of irradiance and PV
temperature continuously change between experiments, so it is hard to test in constant test conditions.
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Individual PV Panels Maximum Power Point System Performance







Series 67.79 65.78 67.00 66.35 266.93 266.93 258.87 37.14 6.97 96.97% 100% 96.97%
Segmented DPP 63.70 61.08 61.14 60.08 233.06 233.06 245.19 33.39 6.98 95.05% 99.66% 94.74%
Outdoor uneven condition
Series 50.05 63.41 63.09 62.91 239.47 202.85 197.83 44.06 4.49 97.52% 84.71% 82.61%
Segmented DPP 52.02 61.42 59.32 58.62 231.38 223.23 211.45 35.96 5.88 94.72% 96.48% 91.38%
Table 5.2: Test results under outdoor lighting conditions
(a) Series-connected system (b) Segmented DPP System
Figure 5.7: P-V curve in even outdoor lighting conditions
(a) Series-connected system (b) Segmented DPP System
Figure 5.8: P-V curve in uneven outdoor lighting conditions
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5.3 Indoor Experiment with PV Emulator
As mentioned before, there are limitations on the indoor halogen lamp and outdoor nature sunlight
experiment. Therefore, a laboratory PV emulation method was used in indoor experiment, which was
introduced and verified in [33]. This PV emulator is simply made with a power source and a PV panel.
Figure 5.9 shows the equivalent circuit of a PV cell, which consists of current source, a diode, series and
resistance Rs and parallel resistance Rp. With this circuit, the output current IPV and voltage VPV can be
presented as
IPV = Is − Id − Ip











VPV =Vd − IPV Rs
(9)
where Is is the current generated by light hitting the PV panel, Vd and Id are the voltage and current
through the diode, respectively, and Ip is the current through the parallel resistance. Io is the reverse
saturation current of the diode and VT is the thermal voltage [34, 35]. Based on this equivalent circuit
model, [33] suggested to replace Is with a external controllable current source. Therefore, as shown in
Figure 5.10, the PV emulator can be composed as an external power source operating in current-limit
mode and zero Is. The setting of the power source can be done by regulating the current limit as a short-
circuit current and setting the voltage limit as the open-circuit voltage of the PV. With this PV emulation
method, the segmented DPP system was experimented on with four PV panels and four power sources,
as shown in Figure 5.11.
Figure 5.9: Equivalent circuit of the PV module
Figure 5.10: Equivalent circuit of the PV module with Iext
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Figure 5.11: Experimental diagram with PV emulator
5.3.1 Experimental Results
First, to verify this emulator can be used with the segmented DPP system with realistic PV panel dy-
namics, four power sources were connected in parrallel to the PV panels, which are completely covered,
as shown in Figure 5.12. Figure 5.13 shows the experimental setup and equipment for the segmented
DPP system. From left to right, there is an electric load, power analyzers, the hardware prototype, an os-
cilloscope and four power sources. In this experiment, the power sources were modulated as the amount
of the PV output power as in the outdoor experimental condition. Then, the series-connected and the
segmented DPP system were tested under both even and uneven lighting cases. Figure 5.14 shows the
current flow of DPP converter in uneven lighting.
Figure 5.12: Experimental setup with fully covered PV panel
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Figure 5.13: Experimental equipment for the segmented DPP system
Figure 5.14: Current of DPP converter in uneven lighting condition
The result of two systems under the even lighting case are shown in Figure 5.15, and summarized
in Table 5.3. As shown in Figure 5.16, under the uneven lighting case, the segment DPP system has
higher output power and system efficiency, which is 94.29%, while the series-connected system effi-
ciency is 88.05%. Also, the string power curve becomes smooth, which has no local MPP. As shown in
Figure 5.14, the DPP current, which is connected with the shaded PV flows in the reverse direction and
others flow in the forward direction. This means that the segmented DPP converter executes the system
algorithm correctly and the PV emulator method can be used for verifying the segmented DPP system
in a controlled indoor setting. Therefore, this PV emulator provides more convenient and controllable
experimental setup, which can be tested and fairly compared in the same conditions.
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Individual PV Panels Maximum Power Point System Performance






Indoor emulator even condition
Series 61.99 63.03 63.42 64.67 253.12 253.12 246.41 50.11 4.91 97.35% 100% 97.35%
Segmented DPP 63.19 62.96 63.33 63.95 253.43 252.44 241.52 51.17 4.72 95.68% 99.61% 95.30%
Indoor emulator uneven condition
Series 49.83 62.80 63.38 64.56 240.58 217.07 211.83 51.54 4.11 97.59% 90.23% 88.05%
Segmented DPP 50.28 63.10 63.37 64.07 240.82 239.49 227.07 49.15 4.62 94.82% 99.45% 94.29%
Table 5.3: Test results with PV emulator
(a) Series-connected system (b) Segmented DPP System
Figure 5.15: P-V curve with indoor emulator in even lighting conditions
(a) Series-connected system (b) Segmented DPP System
Figure 5.16: P-V curve with indoor emulator in uneven lighting conditions
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VI Optimized Design and Result Analysis
6.1 System Optimization
6.1.1 Hardware Update
Based on the previous prototype, on updated hardware was developed. First, in the view point of
the DPP converter board, the previous version of the DPP converter consisted of four individual flyback
converters. Each DPP converter needed one DC-DC converter and two LDOs, four DC-DC converters
and eight LDOs in one segmented DPP module. However, if the four flyback converters are implemented
in one converter board, then three DC-DC converters and two LDOs are needed in one module, which
has fewer components than the previous one. This can reduce the power losses and cost. The comparison
diagram of the DPP module is shown in Figure. 6.1. As drawn in this diagram, the wire complexity and
loss are reduced by replacing wires with PCB copper layout.
(a) Diagram of previous segmented DPP module (b) Diagram of updated segmented DPP module
Figure 6.1: Comparison of the previous and updated segmented DPP module
Second, to achieve higher module efficiency, the turns number of the coupled inductor was reduced,
which reduces conduction loss through the coupled inductor. The parameters of updated flyback con-
verter are shown in Table 6.1. The total turns number of the coupled inductor was reduced from 30 to
26 turns. By reducing this turn number, the efficiency of flyback converter increased to 90.42% in the
forward direction and 87.52% in the reverse direction. Figure 6.2 shows the efficiency of one flyback
converter according to the input power and the dash line presents the efficiency including the power
loss of LDOs and sensors. Compared with the previous converter efficiency, it increased 1.38% in the
forward direction (87.75% to 89.10%) and 1.57% in the reverse direction (83.81% to 85.38%).
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Figure 6.2: Efficiency of updated bidirectional flyback converter
Primary Secondary
Power
Voltage (V) 12.8 51.2
Current (A) 2.0 0.5
Switching frequency (kHz) 100
Coupled inductor
Turn number 7 19
Magnetizing inductance (µH) 8.9 64.88
Leakage inductance (µH) 0.25 1.92
Snubber
Capacitance (nF) 200 10
Resistance (Ω) 1200 2400
Table 6.1: Design parameters of updated bidirectional flyback converter
6.1.2 Algorithm Update
As shown in the previous testing results, the system efficiency with the segmented DPP module is
clearly higher than the series-connected system under the uneven lighting conditions. However, in the
even lighting conditions, the system efficiency of the series-connected system has been higher. Because
the PV current at MPP is the same for the PV panels in even conditions, the series-connected system
also can track the MPP. In this situation, there is only line loss with the series string system, while the
segmented DPP system has both line loss and converter loss. Therefore, to minimize this converter
loss, the additional function was implemented, which can reduce the switching loss under even lighting
conditions. As shown in Figure 6.3, in the case of the previous algorithm code, even the reference
current is near zero, the switching signal drives the converter. To eliminate this switching loss, when
the reference current is lower than a set value, the converter switching operation turbs off. By adding
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this additional function, the switching loss can be removed, and it increases the system efficiency of the
segmented DPP system in even lighting conditions.
Figure 6.3: Comparison of the previous and updated algorithm as duty ratio control code
6.2 Experimental Results
With the updated design and PCB layout, the segmented DPP module was fabricated and built as
shown in Figure 6.4. Also, the updated algorithm was implemented into the TMS320F28335 DSP
controller.
Figure 6.4: Updated segmented DPP module with DSP controller
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6.2.1 Comparison with Previous Prototype
With the updated prototype and algorithm, the testing was conducted under the same conditions
are in Table 5.3 to show the efficiency improvement compared with the previous prototype. The first
PV (PV1) was mismatched at 20%. Table 6.2 shows the experimental results, comparing the previous
(DPP 1) and the updated prototype (DPP 2) module with indoor PV emulator setup. As shown in the
results, the system efficiency using the updated DPP module increased from 95.30% to 96.17%, such
that the power loss decreased by 1.5 W. This is because the converter was turned off under even lighting
condition, which reduced the switching loss. In Figure 6.5, there is a period where the DPP currents
become zero. This displays that the converters are successfully turned off, as the current reference is
set near zero. Also, according to Table 6.2, in the uneven conditions, the efficiency of the segmented
DPP system was increased about 1%, which is a 1.5 W reduction in loss. This is because of the reduced
module loss attribute to decreasing the turns number of the flyback converter and integrating the four
flyback converters into one PCB. Figure 6.6 and Figure 6.7 show the power-voltage curves of the updated
segmented DPP module under even and uneven lighting conditions. To compare the output power of the
updated prototype with the series-connected and previous segmented module, it is helpful to refer the
power-voltage curve in Figure 5.15, 5.16, 6.6 and 6.7.
Figure 6.5: Current of DPP converter in even lighting condition
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Individual PV Panels Maximum Power Point System Performance








Indoor emulator even condition
Series 61.99 63.03 63.42 64.67 253.12 253.12 246.41 50.11 4.91 6.71 97.35% 100% 97.35%
DPP 1 63.19 62.96 63.33 63.95 253.43 252.44 241.52 51.17 4.72 10.92 95.68% 99.61% 95.30%
DPP 2 62.86 63.00 63.48 64.94 254.28 253.92 244.54 50.11 4.88 9.38 96.31% 99.86% 96.17%
Indoor emulator uneven condition
Series 49.83 62.80 63.38 64.56 240.58 217.07 211.83 51.54 4.11 5.24 97.59% 90.23% 88.05%
DPP 1 50.28 63.10 63.37 64.07 240.82 239.49 227.07 49.15 4.62 12.41 94.82% 99.45% 94.29%
DPP 2 50.39 62.81 63.05 64.61 240.85 240.31 229.44 51.10 4.49 10.87 95.48% 99.78% 95.26%
Table 6.2: Test results of previous (DPP1) and updated segmented DPP module (DPP2)
Figure 6.6: P-V curve with indoor emulator in even lighting condition (DPP2)
Figure 6.7: P-V curve with indoor emulator in uneven lighting condition (DPP2)
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6.2.2 Comparison with Different Converter Limits
Normally, the operating voltage of the DPP converter is based on the MPP voltage, so the power
rating is proportional to the current rating of the DPP converter. Therefore, to limit the power rating of
the bidirectional flyback converter, which was described in Section IV, the converter current is limited
through the control algorithm. To compare the MPP tracking efficiency and system efficiency according
to the limitation of the converter performance, the current and duty ratio were limited as shown in
Table 6.3. In Case A, the segmented DPP converter was limited to 1.5 A current, and 40% duty. The
duty limit was increased to 55% in Case B and the current limit was increased to 2 A in Case C. These
three cases with segmented DPP system and series-connected system were tested under the condition as
shown in Figure 6.8a. The Isc of PV1 is 7 A, and that of PV2 and PV3 are 5 A each, and PV4 is 3 A, which
have 2-A current differences.
Duty limit Current limit
Case A 0.4 ±1.5 A
Case B 0.55 ±1.5 A
Case C 0.55 ±2 A
Table 6.3: Cases of the segmented DPP converter limit
First, as shown in Figure 6.8, the series system has three local maximum and the generated power
is 172.93 W, while the ideal maximum power is 237.31 W, which means 57.16 W lower output power
than ideal power. Therefore, this system has 75.91% tracking efficiency and results in 72.87% system
efficiency. With the segmented DPP system, the ideal tracking efficiency is 100%, which means the
converter tracks the maximum power point perfectly. To reach high tracking efficiency, the rated power
of the DPP converter is important. If the current difference between the PV panels becomes 2 A, then
that much of current should flow through the DPP converters. However, there is a reference current and
duty ratio limit on the performance of the converters. For example, in Case A, which limits the duty
and current, the tracking efficiency is only 95.34%. To calculate the limited current of the first DPP







When solving this equation with the measured current and voltage value and duty ratio (D1) as 0.4, the
secondary current (Isec) becomes 0.304 A and secondary-side power becomes 15.43 W. Let the converter
efficiency be 84.5%, then the primary-side current (Ipri) becomes 1.18 A. In other words, the 0.4 duty
ratio limits the primary-side current to 1.18 A, which is lower than the set 1.5 A current limit. Therefore,
to reach the current limit as a set value, a sufficient duty ratio limit is required. When the duty limitation
was increased to 0.55, the tracking efficiency became 97.91%, which allowed the current limit to be
1.5 A. When the current limit was increased to 2 A, the tracking efficiency increased to 99.94%, which
tracks the maximum power point without reaching the limit. Figure 6.10 shows the DPP current of the
converters in Case B and Case C.
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Individual PV Panels Maximum Power Point System Performance






Series 81.75 59.20 59.60 36.77 237.31 180.15 172.93 36.33 4.76 95.99% 75.91% 72.87%
Case A 82.07 59.33 59.42 36.94 237.76 226.69 213.32 50.67 4.21 94.10% 95.34% 89.72%
Case B 82.05 59.27 59.31 36.87 237.51 232.55 218.33 50.19 4.35 93.88% 97.91% 91.92%
Case C 82.30 59.43 59.44 36.96 238.13 237.99 224.44 50.21 4.47 94.31% 99.94% 94.25%
Table 6.4: Test results with different converter limits
(a) Series-connected system
(b) Segmented DPP system with Case A (left), Case B (middle), and Case C (right)
Figure 6.8: P-V curve with different converter limits
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(a) Case A (b) Case B (c) Case C
Figure 6.9: Diagram of the current flow at maximum power point operation
(a) Case B (b) Case C
Figure 6.10: Current of DPP converter with (a) Case B and (b) Case C
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6.2.3 Comparison of Various Shading Changes
To see how much the segmented DPP converter can compensate for different shading intensity, the
experimental setup was set as outlined in Table 6.5. In Case 1, the emulator was set as the four PV
panels are in even irradiance, which have same the short-circuit current (Isc). From Case 2 to Case 5, Isc
of the fourth PV was decreased in intervals of 1 A, and in Case 6, Isc,4 was set as 2.5 A, which results in
the 64.29% mismatch.
Isc,1 (A) Isc,2 (A) Isc,3 (A) Isc,4 (A) Shading (%)
Case 1 7 7 7 7 0
Case 2 7 7 7 6 14.92
Case 3 7 7 7 5 28.57
Case 4 7 7 7 4 42.86
Case 5 7 7 7 3 57.14
Case 6 7 7 7 2.5 64.29
Table 6.5: Cases of the PV shading setup
Figure 6.11a shows the individual PV power of Case 1 to Case 6. As shown in the figure, the
maximum power of the fourth PV panel decreases from Case 1 to Case 6, so that the mismatch becomes
larger. In Case 1, the series-connected system has the highest system efficiency, which is 97.05%, since
four PV panels are in even irradiance conditions. In the case of the segmented DPP system, there is an
additional power loss of 2 W compared to the series system. This is because of the additional converter
loss from the DPP module. However, from Case 2 where mismatch begins to occur, the efficiency of
the segmented system has clearly higher system efficiency than the series-string system. In Case 2, the
fourth panel has a mismatch of 14.92% compared to other PV panels. In this case, the MPP tracking
efficiency in the series-connected system is reduced to 94.99%, which means that the PV panels are not
operating at its MPP. In contrast, the tracking efficiency of the segmented DPP system is still 99.57%,
which means that the PV panels are operating at its maximum power point. Therefore, in the segmented
DPP system, the system efficiency was increased by 3% and output power was increased by 10 W
compared with the series-connected system. As mismatch becomes more severe, differences between
system efficiency also becomes larger due to the MPP tracking performance between the two systems.
In the series-connected system with Case 1 to Case 3, the voltage at MPP is the same as the sum of
four PV voltages. However, as the mismatch increases, Case 4 has MPP voltage at the sum of three PV
voltages. At this point, only three PVs (PV1,PV2,PV3) were used to make the maximum power point, so
Case 4 to Case 6 has the same maximum power. While the total power of the PV panel is decreasing,
the maximum power of the series system has a constant power after a certain shading level. Due to this
situation, the tracking efficiency actually increased in series-connected system.













































































































maximum power point of each PV panel. As the mismatch increases, the current flowing through the
converter becomes larger, which results in higher power loss through the converter, which decreases the
system efficiency. Despite of this converter loss, the segmented DPP system has higher system efficiency
than the series-connected system in the uneven lighting condition, because the PV panels are following
the maximum power point. The segmented DPP system has maximum 14.8% higher system efficiency
and 43.3 W higher output power, as shown in Figure 6.12.
Individual PV Panels Segmented DPP Module System Performance









Case 1 80.87 81.57 81.81 83.84 328.09 328.07 318.41 49.29 6.46 9.66 97.06% 99.99% 97.05%
Case 2 81.12 81.67 81.94 72.58 317.30 301.39 292.80 49.88 5.87 8.60 97.15% 94.99% 92.28%
Case 3 81.35 81.79 82.11 60.95 306.20 256.48 249.73 51.07 4.89 6.75 97.37% 83.76% 81.56%
Case 4 81.59 81.94 82.31 49.10 294.94 242.67 234.16 36.36 6.44 8.51 96.49% 82.28% 79.39%
Case 5 81.65 82.06 82.42 36.98 283.12 243.76 234.49 36.02 6.51 9.27 96.20% 86.10% 82.82%
Case 6 81.75 80.64 81.46 30.47 274.32 241.68 231.37 35.65 6.49 10.31 95.73% 88.10% 84.34%
Segmented DPP system
Case 1 80.74 81.39 81.52 83.34 326.99 326.79 315.14 49.24 6.40 11.65 96.43% 99.94% 96.38%
Case 2 81.50 82.12 81.64 72.40 317.65 316.28 302.33 49.16 6.15 13.94 95.59% 99.57% 95.18%
Case 3 81.86 82.01 82.15 61.00 307.01 306.52 293.42 50.33 5.83 13.10 95.73% 99.84% 95.57%
Case 4 81.72 81.59 82.14 49.12 294.57 293.97 277.44 50.26 5.52 16.53 94.38% 99.80% 94.18%
Case 5 81.83 81.86 81.54 36.96 282.19 281.69 263.04 49.63 5.30 18.65 93.63% 99.55% 93.21%
Case 6 81.26 80.98 81.32 30.49 274.04 273.13 254.04 49.91 5.09 19.08 93.01% 99.66% 92.70%
Table 6.6: Test results according to the shading changes
(a) System efficiency (b) System output power
Figure 6.12: (a) System efficiency and (b) system output power according to shading on PV panel
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6.2.4 Operation with Inverter MPPT
To test the segmented system with real inverter MPPT operation, the electric load was used to em-
ulate an inverter using Python code. The electric load controls the string current according to a P&O
algorithm and makes the output track the MPP. The condition of the PVs are shown in Figure 6.13a,
where two PVs are realtively high power and two PVs are low power. As shown in Figure 6.14, the
output power of the series-connected system has 242 W at steady-state, however, the segmented DPP
system has 269 W power, which is higher than the series-connected system and tracks the MPP of each
PV panel.
(a) (b)
Figure 6.13: P-V curves for (a) individual PV power and (b) output power of series connected system
(a) Series-connected system (b) Segmented DPP system
Figure 6.14: Experimental results with inverter MPPT operation
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VII Conclusion
This work introduced the segmented DPP system architecture, which is a modified structure of the
PV-to-bus DPP architecture that addresses scalability and modularity problems of previous systems. The
proposed structure can achieve higher system efficiency compared to conventional PV systems in uneven
lighting conditions. Also, the modular approach of the segmented DPP system allows for lower voltage
ratings of the converters, simpler wire connections, ease-of-installation, and scalability compared to the
conventional DPP converter system. For this work, n = 4 PV panels were connect to one segmented
DPP module, which contained four bidirectional flyback DPP converters. To control the converters,
a segmented DPP module algorithm was proposed that utilized voltage balance and MPPT modes to
achieve individual MPPT of each PV panel.
The operation of this system and control algorithm was implemented in Matlab/Simulink simulation,
which verified the convergence to the MPP. An experimental prototype was also developed and tested
using an indoor and outdoor testing setup. Also, PV emulator method was used to test the system in a
controllable lighting condition. Under uneven lighting conditions, the segmented DPP system consis-
tently increased the output power compared to series connection and created a convex power curve at
the output. With the segmented DPP module, the system efficiency was 95.30% under even lighting and
94.29% under uneven lighting. In addition, the converter design and control algorithm were improved
by reducing the converter losses. With this updated converter, the converter module loss was decreased
by about 1.5 W. This updated segmented DPP system was tested in various lighting conditions using the
PV emulator setup. The performance limit of the DPP converters were increased to improve tracking
efficiency in mismatched conditions. When there is shading on one panel among the four panels, the
segmented DPP module increased the system efficiency up to 14.8% compared to the series connection,
which is 43.3 W difference at 42.86% mismatch.
7.1 Future Work
The segmented DPP system can be improved further by minimizing the cost and size of the design,
which results in better performance versus the cost. In terms of the control algorithm, if the segmented
DPP algorithm can find a condition of lower loss through the converters, then the module can always
operate at an optimal condition. This can increase the module efficiency and decrease the power losses
at MPP.
The experimental testing done in the thesis was limited to one module connected to four PV panels.
Therefore, to verify this structure in a large-scale systems, at least two segmented DPP modules are
needed. Also, this segmented DPP system can be installed with a real inverter connected to the grid.
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